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We argue that the study of heavy quarkonia, in particular that of Υ, produced back to back with an isolated
photon in pp collisions at the LHC is the best –and currently unique– way to access the distribution of both the
transverse momentum and the polarization of the gluon in an unpolarized proton. These encode fundamental
information on the dynamics of QCD. We have derived analytical expressions for various transverse-momentum
distributions which can be measured at the LHC and which allow for a direct extraction of the aforementioned
quantities. To assess the feasibility of such measurements, we have evaluated the expected yields and the relevant
transverse-momentum distributions for different models of the gluon dynamics inside a proton.
PACS numbers: 12.38.-t; 13.85.Ni; 13.88.+e
Introduction.— At LHC energies, the vast majority of hard
reactions are initiated by the fusion of two gluons from both
colliding protons. A good knowledge of gluon densities is
therefore mandatory to perform reliable cross-section predic-
tions, the archetypal example being the H0 boson production.
In perturbative QCD (pQCD), the production cross section of
a given particle is conventionally obtained from the convo-
lution of a hard parton-scattering amplitude squared and of
the collinear parton distribution functions (PDFs) inside the
colliding hadrons, G(x, µ) or f g1 (x, µ) for the gluon [1]. The
PDF provides the distribution of a given parton in the proton
as a function of its collinear momentum fraction x, at a cer-
tain (factorization) scale µ. Whereas the scale evolution of the
PDFs is given by pQCD, experimental data are necessary to
determine their magnitude (see e.g. [2]).
This collinear factorization, inspired by the parton model
of Feynman and Bjorken, can be extended to take into account
the transverse dynamics of the partons inside the hadrons. Dif-
ferent approaches have been proposed (unintegrated PDF, im-
pact factors within kT factorization, etc.). Out of these, the
Transverse-Momentum (TM) dependent factorization is cer-
tainly the most rigorous with proofs of factorization for a cou-
ple of processes [3–6]. The further advantage of the TM De-
pendent (TMD) formalism lies in its ability to deal with spin-
dependent objects, both for the partons and the hadrons.
Much effort has been made recently to extract quark TMD
distributions (TMDs in short) inside a proton from low en-
ergy data from HERMES, COMPASS or JLab experiments
(see e.g. Ref. [7] for recent reviews). On the contrary, nothing
is known experimentally about the gluon TMDs which rig-
orously parametrize the transverse motion of gluons inside a
proton. For an unpolarized proton, these are the distribution
of unpolarized gluons, denoted by f g1 , and the distribution of
linearly-polarized gluons, h⊥g1 [8]. These functions contain
fundamental information on the transverse dynamics of the
gluon content of the proton [see the interpretation of h⊥g1 in
Fig. 1 (a-b)] and are necessary to correctly describe gluon-
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FIG. 1. Visualization of the gluon polarization in the TM plane for
a positive (a) and negative (b) Gaussian h⊥g1 . [The ellipsoid ma-
jor/minor axis lengths in the plane are proportional to the probability
of finding a gluon with a linear polarization in that direction]. (c)
Feynman diagram for p(P1) + p(P2) → Q(PQ) + γ(Pγ) +X via gluon
fusion at LO in the TMD-factorization formalism.
fusion processes at all energies. Without any knowledge of
these functions it is impossible to calculate the Higgs trans-
verse momentum distribution accurately [9]. We therefore
stress that a first determination of these quantities should have
high priority.
In the small-x limit, the behavior of the gluon TMD f g1 is
probably connected to the Unintegrated Gluon Distribution
(UGD) [10], which has been widely studied in the frame-
work of the Color Glass Condensate (CGC) model [11–14], in
kT -factorization approaches and as the solution of the CCFM
equation [15]. This connection is however less trivial than
sometimes asserted, as in e.g. [16, 17]. For instance, the
Weizsa¨cker-Williams distribution that appears in the CGC
model does have the same operator structure as the TMD
correlator (see Eq. 2 below), but with a lightlike gauge link.
The regularization of the rapidity divergence is thus differ-
ent. Moreover, the CCFM equation does not rely on a gauge-
invariant-operator definition. Nonetheless, to give some es-
timates of the experimental requirements, we will use vari-
ar
X
iv
:1
40
1.
76
11
v2
  [
he
p-
ph
]  
20
 M
ay
 20
14
2ous UGDs as an Ansatz for f g1 and let h
⊥ g
1 saturate a model-
independent positivity bound derived in Ref. [8]. The latter
is in accordance with kT -factorization in which full gluon po-
larization is implicit. In fact, this would serve as a test of the
applicability of kT -factorization methods for x close to 10−3.
In the following of this Letter, we argue that the LHC ex-
periments are ideally positioned to extract for the first time
the gluon TMDs through the study of an isolated photon pro-
duced back to back with a heavy quarkonium. Furthermore,
we show that the yields are large enough to perform such ex-
tractions with existing data at
√
s = 7 and 8 TeV.
Reactions sensitive to gluon TMDs.— Several processes
have been proposed to measure both f g1 and h
⊥g
1 . A poten-
tially very clean probe to extract gluon TMDs is the back-
to-back production of a heavy-quark pair in electron-proton
collisions, e p → e QQ¯ X in which the gluon TMDs appear
linearly. Theoretical predictions have been provided at lead-
ing order (LO) [18] and next-to-leading order (NLO) [5] in
pQCD. Such measurements could be performed at future fa-
cilities (EIC or LHeC), whose realization is however at best
a decade away, while available HERA data on transverse mo-
mentum imbalance of dijets (e.g., Ref. [19]) receive contribu-
tions from quark-induced subprocesses.
Back-to-back isolated photon-pair production in proton col-
lisions, p p→ γ γ X is also sensitive to gluon TMDs [20] and
is accessible at RHIC and the LHC but suffers from a contami-
nation from quark-induced channels, a huge background from
pi0-decays and an inherent difficulty to trigger on such events.
Final states such as a heavy-quark pair or a dijet [18] should
also be ideal candidates to probe gluon TMDs. However, once
there is a color flow into the detected final state in the partonic-
scattering subprocess, one cannot cleanly separate final state
interactions of this color flow from the non-perturbative TMD
objects due to the non-Abelian characteristics of QCD [21].
This leads to a breakdown of TMD factorization for processes
with colored final states.
This problem can be avoided in the case of the production
of heavy quarkonia, provided that the heavy-quark pair is pro-
duced in a colorless state at short distances as in the color-
singlet model [22], and that it is not accompanied by other
–necessarily colorful– partons. C-even quarkonium (χQ, ηQ)
production at small TM is one of these cases where the fac-
torization is expected to hold as illustrated by studies both
at LO [23] and NLO [24]. At low PQT , ηQ and χQ0,2 pro-
duction proceeds without the emission of a final-state gluon
and the color-octet (CO) contributions [25] are not kinemat-
ically enhanced. However, such experimental measurements
are particularly difficult since they should be done at low TM,
PQT  Q ' MQ, as required by TMD factorization. The hard
scale of the process, Q, can only be the mass of the heavy
quarkonium, hence Q ' MQ. The observation of low PQT C-
even quarkonia is likely impossible with ATLAS and CMS.
LHCb may look at these down to PQT ' 1 GeV, but an un-
ambiguous gluon-TMDs determination – free of large power
corrections in PQT /Q – requires to reach the sub-GeV region.
Besides, this would not allow one to look at the scale evolu-
tion of the TMDs. Only two ranges can be probed – close to
the charmonium and bottomonium masses.
Back-to-back quarkonium+isolated-photon production.—
We propose a novel process to overcome these issues : the
production of a back-to-back pair of a 3S 1 quarkonium Q (Υ
or J/ψ) and an isolated photon, p p → Q + γ + X. Compared
to the aforementioned processes, it is accessible by the LHC
experiments: only the TM imbalance, qT = PQT + PγT , has to
be small, not the individual TM, for TMD factorization to ap-
ply. In addition, the hard scale of the process Q can be tuned
by selecting different invariant masses of the Q − γ pair. This
allows one to look at the scale evolution of the TMDs and
to greatly increase the qT -range where the TMD factorization
applies with tolerable power corrections.
Previous studies [26–28] have shown that the CO contri-
butions to inclusive Q + γ production are likely smaller than
in the inclusive case Q + X (see e.g. [29–31]) . [The case of
J/ψ+γ is however intriguing since a state-of-the art NLO eval-
uations using recent NRQCD fits predict negative CO cross-
sections [32].] The smallness of CO contributions is crucial
since these would violate the TMD factorization.
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FIG. 2. Different contributions to the production of an isolated pho-
ton back to back with a) an Υ(1S ) (resp. b) a J/ψ) from g−g and q−q¯
fusion from the CS and CO channels as function the invariant mass
of the pair. The curves for the q − q¯ fusion are rescaled by a factor
100 (resp. 50). The CO matrix elements we used are very close to
those obtained in a recent LO fit of LHC data [33].
As studied in [34], the CO contributions are also suppressed
w.r.t. the CS ones when the Q − γ pair is produced back to
back, i.e. dominantly from 2 → 2 processes, although the gg
fusion CS contribution (Fig. 1c) scales like P−8QT . Indeed, the
P−4QT (fragmentation) CO contribution only appears for qq¯ an-
nihilation –extremely suppressed at LHC energies– and, inci-
dentally, on the order of the pure QED CSM contribution (as
for J/ψ + W [35]). As regards gg fusion CO channels, they
are subleading in PQT , since they come from quark box and
s-channel gluon diagrams, only via C = +1 CO states, such
as 1S [8]0 or
3P[8]J . [For the J/ψ, these CO states are known to
be severely constrained if one wants to comply with e+e− in-
clusive data [36].] To substantiate this, we have computed the
different CS and CO contributions in LO NRQCD, see Fig. 2.
3The CS yield is clearly dominant for the Υ and likely above
the CO one for the J/ψ at the lowest Q accessible at the LHC
(PQT & 10 GeV). It is also clear that this process is purely
from gg fusion.
A further suppression of CO contributions can be achieved
by also isolating the quarkonium (see [37]). The isolation
should be efficient at large enough PQT where the soft par-
tons emitted during the hadronization of the CO heavy-quark
pair are boosted and energetic enough to be detected. Ex-
perimentally, this would provide an interesting check of the
CS dominance by measuring the (conventional) qT -integrated
cross section which should coincide with the parameter-free
CSM prediction. This would also confirm that double-parton
scattering contributions are suppressed by the isolation crite-
ria. We emphasize that, according to our evaluations, such an
isolation is not at all necessary for the Υ case.
Analytical expression for the qT -dependent cross section.—
Within TMD factorization (Fig. 1c), the cross section for a
gluon-fusion inititiated process is written, up toO(q2T/Q2) cor-
rections, as the convolution of a hard part with two TM depen-
dent correlators, i.e.
dσ =
(2pi)4
8s2
∫
d2k1T d2k2Tδ2(k1T + k2T − qT )Mµρ (Mνσ)∗
Φ
µν
g (x1, k1T , ζ1, µ) Φ
ρσ
g (x2, k2T , ζ2, µ)dR, (1)
where s = (P1 + P2)2 is the hadronic center-of-mass system
(c.m.s.) energy squared and the phase space element of the
outgoing particles is denoted by dR. The hard part can be
obtained as a series expansion in αs by perturbatively calcu-
lating the partonic scattering g(k1) + g(k2) → Q(PQ) + γ(Pγ),
with the incoming gluon momenta given by k1 = x1P1 + k1T −
k21T/(x1s)P2 (and likewise for k2), and subtracting the parts al-
ready contained in the gluon TMD correlators [6, 38, 39]. k1T
is a 4-vector perpendicular to both P1 and P2, which has trans-
verse components k1T in the c.m.s. frame; x1 = q·P2/P1·P2
and x2 = q·P1/P1·P2, where q = PQ + Pγ.
Since QCD corrections to the inclusive production of a
quarkonium-photon pair are known to be large [26, 28], we
find it useful to emphasize that this does not translate to TMD
factorization. The reason is that the initial-state radiations are
absorbed into the TMDs such that the hard part is free of qT -
dependence and, with appropriate choices of ζ and µ, is also
free of large logarithms [6, 38, 39]. In addition, the back-
to-back (small qT ) requirement and the photon isolation in our
observable further suppresses additional radiations. A LO cal-
culation of the hard part is therefore sufficient for a first gluon
TMD extraction.
The gluon-TMD correlator for an unpolarized proton is de-
fined as
Φ
µν
g (x, kT , ζ, µ) ≡
∫
d(ξ·P) d2ξT
(xP·n)2(2pi)3 e
i(xP+kT )·ξ×
〈P|Fnνa (0)
(
Un[–][0,ξ]
)
ab
Fnµb (ξ)|P〉
∣∣∣∣
ξ·P′=0
= − 1
2x
{
gµνT f
g
1 −
(kµT kνT
M2p
+ gµνT
k2T
2M2p
)
h⊥ g1
}
+ suppr., (2)
where gµνT = gµν − (Pµ1Pν2 + Pµ2Pν1)/P1·P2, Mp is the proton
mass and the gauge link Un[–][0,ξ] renders the matrix element
gauge invariant. It runs from 0 to ξ via −∞ along the n di-
rection. [n is a timelike dimensionless 4-vector with no trans-
verse components such that ζ2 = (2n·P)2/n2.] The correla-
tor is parametrized by the two gluon TMDs discussed above,
f g1 (x, kT , ζ, µ) and h
⊥ g
1 (x, kT , ζ, µ) [8] and by terms that are
suppressed in the high-energy limit.
The structure of the TMD cross section is then found to be
dσ
dQdYd2qT dΩ
=
C0(Q2 − M2Q)
s Q3D
{
F1 C
[
f g1 f
g
1
]
+ F3 cos(2φ)
C
[
w3 f
g
1 h
⊥g
1 + x1↔ x2
]
+F4cos(4φ)C
[
w4h
⊥g
1 h
⊥g
1
]}
+ O
(
q2T
Q2
)
,
(3)
where dΩ = dcos θdφ is expressed in terms of Collins-Soper
angles [40] and where Q, Y and qT are the invariant mass, the
rapidity and the TM of the pair –the latter two to be measured
in the hadron c.m.s. frame. The Collins-Soper angles describe
the spatial orientation of the back-to-back photon-quarkonium
pair in the Collins-Soper rest frame of the pair. The over-
all normalization is given by C0 = 4α2sαeme
2
Q|R0(0)|2/(3M3Q),
where R0(0) is the quarkonium radial wave function at the ori-
gin and eQ the heavy quark charge. The F factors, the denom-
inator D and the weights are found to be
F1 = 1 + 2α2 + 9α4 + (6α4 − 2) cos2 θ + (α2 − 1)2 cos4 θ,
F3 = 4α2 sin2 θ, F4 = (α2 − 1)2 sin4 θ,
D =
(
(α2 + 1)2 − (α2 − 1)2 cos2 θ
)2
,
w3 =
q2T k
2
2T − 2(qT ·k2T )2
2M2pq2T
,
w4 = 2
 k1T ·k2T2M2p − (k1T ·qT )(k2T ·qT )M2pq2T
2 − k21T k22T4M4p . (4)
where α ≡ Q/MQ. The convolution is defined as
C[w f g] ≡
∫
d2k1T
∫
d2k2T δ2(k1T + k2T − qT )×
w(k1T , k2T ) f (x1, k21T ) g(x2, k
2
2T ), (5)
where x1,2 = exp[±Y] Q/√s.
We propose the measurement of 3 TM spectra, normalized
and weighted by cos nφ for n = 0, 2, 4:
S(n)qT ≡
∫
dφ cos(n φ) dσdQdYd2qT dΩ∫
dq2T
∫
dφ dσdQdYd2qT dΩ
, (6)
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FIG. 3. Model predictions for Υ + γ production at Q = 20 GeV, Y = 0 and θ = pi/2 at
√
s = 14 TeV for (a) S(0)qT , (b) S(2)qT and (c) S(4)qT . The
longitudinal momentum fractions are x1 = x2 = Q/
√
s ' 1.4 × 10−3.
where we will take the q2T integration in the denominator up to
(Q/2)2. These spectra separate out the the 3 terms in Eq. 3:
S(0)qT =
C[ f g1 f g1 ]∫
dq2T C[ f g1 f g1 ]
,S(2)qT =
F3 C[w3 f g1 h⊥g1 + x1 ↔ x2]
2F1
∫
dq2T C[ f g1 f g1 ]
,
S(4)qT =
F4 C[w4h⊥g1 h⊥g1 ]
2F1
∫
dq2T C[ f g1 f g1 ]
. (7)
It is remarkable to note that the sole measurement of S(0)qT ,
i.e. of the cross section integrated over φ, allows for a clean
determination of the unpolarized gluon TMD, f g1 , since h
⊥g
1
does not enter S(0)qT . If S(2)qT or S(4)qT can also be measured, then
the linearly-polarized gluon distribution, h⊥g1 , is also accessi-
ble.
Numerical results and discussions.— In our calculations we
adopt the following UGD Ansa¨tze for f g1 : the Set B0 solu-
tion to the CCFM equation with an initial distribution based
on the HERA data from [41, 42], the KMR parametriza-
tion from [43] and the CGC model prediction from [11–14].
The first two depend on a factorization scale, taken to be Q,
whereas the last one depends on a saturation scale taken as
Qs = (x0/x)λQ0, with λ = 0.29, x0 = 4 · 10−4 and Q0 = 1
GeV [44]. We have also used a simple Gaussian parametriza-
tion, as done in [45] to describe the intrinsic gluon TM, but
with 〈p2T 〉 = (2.5 GeV)2. Our results are shown in Fig. 3a.
For h⊥g1 , we use the CGC model prediction of [13, 14]
and the maximal value from the positivity constraint |h⊥g1 | ≤
2M2p/k
2
1T f
g
1 [8]. The resulting S(2,4)qT are plotted in Fig. 3b and
Fig. 3c.
From Fig. 3a, we first conclude that measuring S(0)qT in bins
of 1 GeV should suffice to get a first determination of the
shape of the unpolarized gluon distribution. As regards S(2)qT
and S(4)qT , whose magnitude is obviously smaller, one can inte-
grate them over q2T (up to (Q/2)2) to get the first experimental
verification of a nonzero linearly-polarized gluon distribution.
S(2)qT is here the most promising as we obtain for the integrated
distribution −2.9%, −2.6%, −2.5% and −2.0% for the Gauss,
CGC, SetB and KMR Ansatz respectively, whereas for the
n = 4 distribution we obtain 1.2%, 0.7%, 0.6%, and 0.3%
for the Gauss, SetB, KMR and CGC model respectively. We
note that the qT -integrated cross section for Υ + γ produc-
tion in Fig. 2 is about 100 (50) fb/GeV at Q = 20 GeV for√
s = 14(7) TeV. The 20 fb−1 of integrated luminosity already
collected at 7 + 8 TeV should be sufficient to measure the qT
shape of S (0)qT , while S
(2)
qT could be measured in a single qT -bin.
Conclusion.— The production of an isolated photon back to
back with a –possibly isolated– quarkonium in pp collisions
is the ideal observable to study the transverse dynamics and
the polarization of the gluons in the proton along the lines of
TMD factorization. The requirement for a heavy quarkonium
in the final state suppresses quark-initiated reactions making it
a very clean probe of the gluon content of the proton, whereas
the large scale set by the invariant mass of the pair allows a
TMD-factorized description over an extensive range of qT and
hence an extraction of the gluon TMDs in this range. The
expected yields at the LHC experiments are large enough to
get the first experimental verification of a nonzero gluon po-
larization in unpolarized protons. These measurements would
therefore provide a test of the reliability of the kT -factorization
approach at x ∼ 10−3 and allow for the first extraction of the
gluon TMDs in the proton.
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